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Abstract

Venezuelan equine encephalitis virus (VEEV) is a mosquito-borne alphavirus that has
caused large outbreaks of severe illness in both horses and humans. New approaches are needed
to rapidly infer the origin of a newly discovered VEEV strain, estimate its equine amplification
and resultant epidemic potential, and predict human virulence phenotype. We performed whole
genome single nucleotide polymorphism (SNP) analysis of all available VEE antigenic complex
genomes, verified that a SNP-based phylogeny accurately captured the features of a phylogenetic
tree based on multiple sequence alignment, and developed a high resolution genome-wide SNP
microarray. We used the microarray to analyze a broad panel of VEEV isolates, found excellent
concordance between array- and sequence-based SNP calls, genotyped unsequenced isolates, and
placed them on a phylogeny with sequenced genomes. The microarray successfully genotyped
VEEV directly from tissue samples of an infected mouse, bypassing the need for viral isolation,
culture and genomic sequencing. Finally, we identified genomic variants associated with

serotypes and host species, revealing a complex relationship between genotype and phenotype.

Keywords

Venezuelan equine encephalitis virus; microarray; single nucleotide polymorphism; genotype:

phenotype; pathogen



Introduction

Venezuelan equine encephalitis (VEE) virus (VEEV) is a mosquito-borne alphavirus
capable of causing large outbreaks of encephalitis in humans and horses. Major equine-amplified
epidemics dating to the early 20™ century have affected hundreds-of-thousands of people and
economically important equids. VEE complex viruses are endemic to South and Central
America, Mexico, and Florida [1]. Although the case-fatality rate of VEEV is low in human
infections (usually less than 1%), infection is typically highly debilitating and sometimes results
in permanent neurological sequelae [2]. Moreover, because the disease primarily occurs in
isolated rural areas and typical infections initially present with nonspecific flu-like symptoms,
many cases involving spillover from enzootic cycles go undiagnosed or are mistaken for other
febrile diseases such as dengue [3].

Enzootic VEE is also of concern due to its high burden of endemic human disease. For
U.S. war fighters engaged in a conflict in Latin America, either direct exposure to the enzootic
cycle in rural or suburban regions, as documented in Panama [2, 4], Colombia [5], and Mexico,
or infections in urban settings [3, 6-10] could inflict direct casualties and severely compromise
their ability to fight.

There are three major challenges related to VEE that we believe can be solved using new
approaches: 1) rapidly estimating the origin of a newly discovered VEEV strain; 2) estimating its
equine and/or human amplification, and thus epidemic potential; and 3) predicting the human
virulence phenotype of a newly discovered VEEV strain. Phylogenetic relationships of a diverse
collection of VEEV strains have proved usefui for identification of the genetic features leading to
epidemic spread to humans and livestock of this zoonotic pathogen [1 1, 12]. Here, we exploit

high-throughput technologies to characterize a large panel of strains, including both virulent and



avirulent strains; geographically diverse isolates from South America, Central America, Mexico,
Florida and Texas; and isolates of multiple serotypes from diverse hosts, including human
outbreak strains.

We performed whole genome SNP analysis of all available VEE antigenic complex
genomes, verified that these SNPs accurately recapitulated the phylogeny from whole genome
multiple sequence alignment (MSA), and developed a high-resolution genome-wide SNP
microarray. We analyzed a diverse panel of 133 VEEV isolates on the microarray to validate
array-based SNP calls with previously sequenced strains, and to characterize the SNPs in
unsequenced isolates and place them on a phylogeny with sequenced genomes. We explored the
relationship between genome variation and serotype, identified a number of variants non-
randomly associated with these phenotypes, and examined the distribution of these variants

across the VEEV genome.

Methods

Whole genome SNP analysis

We applied the kSNP software to find SNPs in the 144 VEE antigenic complex genomes
available as of June, 2014 [13, 14]. kSNP is an alignment-free method based on examination of
k-mers {oligos of length £) in the genome sequences. We define a SNP locus by a sequence
context of length & centered on the polymorphic base, with (4-1)/2 conserved bases on either
side. For this study, we performed SNP analysis with 4=13. Note that, under this definition of

SNP loci, multiple loci (corresponding to different variations of the A-mer context) may overlap



the same positions in a multiple sequence alignment; in this case, each of the multiple loci is only
considered to be present in the genomes in which the (k-1) base context is conserved. This
alignment-free SNP discovery is useful for viruses in which there may be highly divergent and
poorly alignable regions among a large group of sequences, and where conserved regions only
exist among small subgroups of sequences. The kSNP approach is free of the bias that otherwise
results from the choice of a reference sequence, or from considering only a subset of regions of
the genome that can be easily aligned, and can be implemented at scales to hundreds of genomes.
We calculated SNP-based phylogenetic trees using parsimony, maximum likelihood (ML), or
neighbor joining (NJ). For NJ, we used the number of SNP allele differences between pairs of
target sequences as the distance metric. We mapped SNP alleles to branches of the trees using

kSNP.

Tree comparisons

SNPs from the E1, E2, E3, and capsid genes were extracted for separate analyses by
identifying those SNPs that occurred within the specified gene regions (Table 1). We constructed
a full genome MSA using the MUSCLE software [15], and built parsimony trees from the MSA,
from all SNPs, and from SNPs in each gene. We compared the MSA and gene-based trees to the
all-SNPs tree by treating all trees as unrooted and examining the splits of isolates into pairs of
groups on either side of each internal branch in the tree. For cach tree we used the Perl script
CompareTree.pl [16] to calculate the fraction of splits shared between the MSA or gene-based
tree and the all-SNPs tree; this serves as a metric of similarity between the tree topologies. We
also used Dendroscope [17] to generate tanglegrams, which display pairs of trees side by side

with lines interconnecting corresponding taxa. To minimize the numbers of crossing lines



between trees without changing the tree topologies, we performed a series of equivalent branch
rotations using the algorithm in [18] before generating tanglegrams. The pattern of crossing lines

remaining provides a direct visualization of the differences in tree structures.

Table 1. Gene regions from which SNPs were extracted.

Gene Coordinates on TC-83 genome
El 10000-11327

E2 8563-9843

E3 8386-8574

Capsid 7562-8396

All SNPs 1-11446

Microarray probe design

We designed microarray probes for every SNP locus. Our probe design strategy
maximized sensitivity and specificity based on extensive prior lab testing on a Roche NimbleGen
microarray platform, where we demonstrated 99.52% SNP allele call rates and 99.86% accuracy
[19]. After testing seven alternative probe design strategies, we determined that maximum
sensitivity and SNP discrimination accuracy resulted if the SNP base was at the 13" position
from the 5° end of the probe (the end farthest from the array surface), probes were between 32
and 40 bases long, and lengths were chosen to equalize hybridization free energy (AG) to the
extent possible within the allowable length range. We found that probes shorter than 32 bases
had high false negative rates, and longer probes did not discriminate well between alleles, We
found that AG was a better predictor of hybridization than the melting temperature 7,,. Probe

candidates with hybridization free energy below AG i, = -43 kcal/mol were shortened until either



their free energy exceeded A G, or they reached the minimum 32 bases. Probes were designed
around the SNP on both the plus and minus strands, for all observed SNP alleles, and all
surrounding sequence variants.

Probes for the plus and minus strands were not the reverse complements of one another
because the SNP does not lie at the center of the probe. We included probes for all observed
alleles on each strand, yielding at least four probes per SNP locus for biallelic SNPs. In addition,
we captured any sequence variation outside of the conserved k-mer SNP context in multiple
alternative probes for each allele, so that some biallelic loci had more than 4 probes. Finally, we
trimmed probes from the 3’ end to remove any N’s or other ambiguous bases, and omitted them
altogether if doing so resulted in a probe shorter than 32 bases. When a probe was a subsequence
of any other, only the shorter of the two was kept. SNP microarrays were fabricated using the 12-

plex 135K Roche NimbleGen array format with 89% of the probes tiled in duplicate.

Array hybridization to VEEV ¢DNA samples

The VEEV cDNA samples were fluorescently labeled and hybridized to VEEV SNP
arrays as described previously [20]. Briefly, fluorescent labeling of samples was performed using
the NimbleGen One-Color DNA Labeling Kit (Roche). One ug VEEV ¢DNA was added to Cy-3
labeled random primers, followed by isothermal amplification at 37°C using Klenow
polymerase. Labeled DNA was purified via isopropanol precipitation and resuspended in water
for microarray hybridization. DNA samples were prepared for hybridization using the
NimbleGen Hybridization Kit LS (Roche). Three pg of labeled DNA was hybridized to each
array, incubating for 40-45 hours at 42°C. Arrays were washed using the NimbleGen Wash

Buffer Kit (Roche). The fluorescent signal on the array was scanned using a 2 um Roche MS200



fluorescent scanner. Array feature intensities were generated using the NimbleScan software

available from Roche NimbleGen.

Selection of VEEV isolates for microarray experiments

Based on temporal and geographic range, outbreak associations and prior sequences
generated at UTMB, we identified, propagated, and isolated RNA for microarray experiments
from 134 of the most representative strains. To enable comparison of array- and sequencing-
based genotyping methods, we included 81 1solates that had previously been sequenced in the set
of strains tested on the array. Three of the previously sequenced isolates and one unsequenced
isolate were run on duplicate arrays, for a total of 138 arrays. The serotype, passage history, year
and location of collection, and host of each strain are listed in S1 Table.

To test the array’s ability to genotype viruses directly from tissue samples, six day-old
CD-1 mice were infected with VEEV vaccine strain TC-83 [21] via the intracranial route. Each
mouse was infected with 10* PFU in a 20 uL volume. Three biological replicate mice were
infected and sampled. Brains were harvested two days later and homogenized in a 1:10 w/v
solution. The suspension was clarified by centrifugation and stabilized in Trizol (Life
Technologies). RNA was extracted and purified using the Direct-zol RNA MiniPrep kit (Zymo
Research, Irvine, CA) according to the manufacturer’s instructions. Whole cDNA was
synthesized, fluorescently labeled, and hybridized to the SNP microairay as described above.

Data from microarray experiments is available at the Gene Expression Omnibus (GEO)

repository under accession GSE79530.



Allele calling from SNP microarray data and concordance
calculations

We used our previously developed analysis software to call alleles at each locus for each
sample analyzed on SNP microarrays. The software fits a linear model of strand and allele
effects to the log intensity data from all probes for the locus, and calls the allele as the one with
the largest coefficient in the fitted model. Separating the strand and allele effects is necessary in
order to compensate for the differing hybridization efficiencies often seen between forward and
reverse strand probes.

Because our definition of a SNP locus requires conservation of the 6 bases on either side
of the polymorphic base, array probes for one locus may hybridize to genomes in which a similar
locus context is present. That is, loci that are considered to be different in the sequence analysis,
but have 13-mer contexts that are identical except at one or two positions, may be difficult to
distinguish by microarray probes. Therefore, our current array analysis software does not attempt
to determine whether a locus is present or absent, and instead makes an allele call for every
locus.

For isolates that had genome sequences available, we computed the concordance rate
between the allele calls from the array and the genome sequence, defined as the percentage of
loci present in the genome for which the array calls agreed. We also computed the numbers of
allele differences between each array sample and each genome, and determined whether the

closest genome was in fact the genome sequence for that strain.

Analysis of phylogenetic relationships and evolution of VEEV
strains from SNP microarray data

9



We used the genotype data from genomic sequences to create maximum parsimony

phylogenetic trees, using Parsimonator (https://github.com/stamatak/Parsimonator-1.0.2). We

generated 100 trees using different random number seeds, and selected the most parsimonious
(that is, the tree requiring the smallest total number of nucleotide substitutions) for downstream

analyses.

Phenotype/genotype associations

We identified variable positions in the MSA and used these loci as an mitial set for
building decision tree classifiers, using the recursive partitioning algorithm implemented in the R
function “rpart” from the package “mvpart” [22, 23]. The “rpart” algorithm 1s described in detail
in [24]; briefly, it selects a series of variables (SNP loci) and values (alleles) that split the viral
strains into groups with homogeneous phenotypes. Each split of a group into smaller subgroups
is chosen to minimize the Gini index, a measure of total subgroup inhomogeneity.

To ensure there were sufficient samples in the training and test sets for each phenotype to
be predicted, we defined a “host type” for each sample by categorizing hosts as “large” (humans
and equids) or “small” (rodents and mosquitos). For each phenotype (serotype and host type), we
built multiple tree classifiers using a 10-fold cross-validation scheme, in which classifiers were
trained with 90% of the isolates and tested with the remaining 10%. The amount of pruning in
each decision tree classifier was determined by a complexity parameter; the “rpart” algorithm
automatically determined an optimal complexity, defined as the smallest parameter value that
yielded a cross-validation error rate within one standard deviation of the minimum error rate. We
then built a final decision tree for each phenotype with the full set of genomes, using the optimal
parameter to control the complexity of the tree. For each phenotype, we tested initial locus sets

consisting of all polymorphic loci present in the TC-83 reference genome, as well as restricted
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sets containing only non-synonymous loci within the genes encoding structural proteins, or
within the envelope glycoprotein genes.

For each classifier, we computed an overall accuracy, defined as the percentage of
phenotype predictions that were correct. We also computed performance metrics for each
specific phenotype, treating the decision tree as a binary classifier; e.g. for classifying isolates as
serotype 1AB vs any other serotype. For each specific phenotype, we counted the true positives
(TP}, true negatives (TN), false positives (FP) and false negatives (FN), and used them to
compute the accuracy = (TP + TN) / (TP + FP + TN + FN), positive predictive value (PPV) =
TP/(TP + FP), negative predictive value (NPV) = TN/(TN+FN), true positive rate
TPR=TP/(TP+FN), and true negative rate TNR=TN/ (TN+FP).

We also ranked loci according to their strength of association with serotype or host type
according to Fisher’s exact test, as implemented in the R “fisher.test” function. We corrected p-

values for multiple comparisons using the Benjamini-Hochberg method.

Results

Whole VEEV genome SNP analysis

To identify single nucleotide variations among VEEV strains, we applied the kSNP
software to 144 VEE antigenic complex genomes. We identified 7,926 SNP loci among these
strains. The numbers of SNPs identified in structural protein encoding regions are summarized in
Table 2. The annotations, 13-mer contexts and reference genome alignments for SNPs identified

by whole genome analysis are listed in S2 Table.



When we reran the kSNP analysis, using as an outgroup four strains of eastern equine
encephalitis virus (EEEV, the closest relative of VEE complex alphaviruses), the total number of

SNP loci increased to 9,486,

Table 2. Numbers of SNPs identified in VEEV genomes, by gene region.

Gene Number of SNPs
Eil 1268

E2 1384

E3 262

Capsid 937

Phylogenetic tree construction

We then examined phylogenetic relationships among strains by building trees using
different methods. First, we wished to determine which of the SNP-based tree construction
methods performed best, by comparing the resulting trees to trees based on whole genome
multiple sequence alignment (MSA). We found that the SNP tree built using maximum
parsimony (Fig |) was more similar to the MSA-based tree than those built with NJ or ML. QOut
of all splits in the alignment-based tree, 77% were also present in the parsimony tree, compared
to only 68% in the ML tree. Moreover, the parsimony tree had fewer homoplastic SNPs than the
ML tree (1679 versus 2153, respectively, from the dataset using the EEEV outgroup genomes).
Homoplastic SNP loci are those in which the patiern of shared alleles does not conform to any of
the branches of this tree, as a result of processes such as convergent evolution, homologous
recombination, multiple mutations at the same site, or sequencing errors. Maximum parsimony
has been shown to outperform ML in phylogenies that display heterotachy, a phenomenon in

which the rates at which different nucleotide positions evolve change over time [25]. In this case,
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non-parametric estimation of trees by parsimony is more accurate than parametric methods such
as ML.

Almost all VEEV strains could be uniquely identified by their genotypes according to
variations across the identified SNP loci. Numbers at the interior nodes of the tree in Fig |
indicate the number of loci at which a SNP allele is uniquely found in the descendants of the
node and 1s shared by all of them. Only two sets of genomes were unresolved (i.¢., had identical
genotypes across all 7,926 SNPs); these strains are labeled in Fig. 1 with italic type. One
consisted of two genomes collected on successive days from Minatitlan, Mexico on August 26-
27,2010: MX10_91M8 from a mosquito pool and MX10H91 00011 from a sentinel hamster.
The other comprised four genomes, also collected from Minatitlan in 2010; MX10 94M4,
MX10_94M5 and MX10_94M6, collected from mosquito pools on August 26-27, and
MXI10H95 00014, collected from a hamster on August 28. These results confirm that sentinel
hamsters do become mfected with the variants circulating in mosquito vectors in the area at the
same time. These isolates were members of a larger group of closely related genomes collected
in Minatitlan, Mexico between July 2008 and late August 2010 from hamsters, mosquitos and

two horses.

Phylogenetic and phenotypic relationships of VEEV strains

To explore the relationship between the phylogenetic groupings of VEEV strains and
their phenotypes, we examined the maximum parsimony tree shown in Fig 1, in which the
genoime annotations and plot symbols are color-coded by serotype and host, respectively. We
observed a number of interesting patterns. First, we extended previous results [26] showing that
VEEYV strains with high overall similarity across the entire genome may exhibit different

serotypes. For example, the epizootic serotype IAB strains and associated vaccine strain TC-83
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(purple in Fig 1) collected from multiple countries from 1938-1973 form a distinct clade of
highly similar isolates; however, this clade also included a serotype ID isolate (R16905)
collected in 1977. In general, we saw that broad phylogenetic groupings were not exclusively
associated with particular serotypes.

Similarly, we found that phylogenetic groupings were not strongly associated with
particular hosts; the broad associations that did appear were likely artifacts of the different
sampling strategies used for enzootic (serotype ID and [E) strains, which account for all samples
from mosquitos and sentinel hamsters, and for epizootic (serotype IAB and IC) strains, which
comprise most samples from equids and humans.

Finally, when we examined the collection dates of samples found in each major clade, we
found that many clades were remarkably persistent. For example, the serotype IAB epizootic
strains (and associated type ID outlier) showed little genetic variation, even though they were
collected over nearly 40 years (1938-1977) across a wide geographic area, from the USA
through Guatemala and Trinidad down to Venezuela and Peru, likely the result of incompletely
inactivated vaccines made from older strains initiating later outbreaks [27]. Likewise, the
serotype IC and ID isolates comprising the lower part of the tree in Fig 1, collected between

1961 and 2005, had very tew differences across our panel of SNP loci.

Association between genotypes and phenotypes

Because the host and serotype associated with a VEEV isolate are not completely
predictable from its position in the phylogeny, we searched for SNP loci that were associated
with these important phenotypes for which the association was not simply a product of ancestry.

We applied the “rpart” recursive partitioning algorithm to identify variations that are associated
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with particular host types or serotypes. The resulting decision tree classifiers are diagrammed in
Figs 2 and 3. Our results indicate that these phenotypes are complex polygenic traits affected by
multiple alieles on multiple genes. In each decision tree, the notations displayed above each
branch point indicate the loci and alleles used in the associated test criteria; the annotations
below each leaf node indicate the most common serotype or host type, together with the actual
numbers of isolates at the leaf having each phenotype. For example, in the serotype tree (Fig 2),
the first branch point separates the isolates according to the allele at alignment position 9987.
Those with an T allele are classified as serotype [E; the remainder are then tested at position
9201, with a C allele indicating serotype ID; the rest are tested at position 7764, with an A allele
indicating serotype IAB and a G indicating serotype IC.

Depending on the true serotype of the isolate, serotype prediction accuracy ranged from
95.6% for ID to 98.5% for IAB and IE strains (Table 3). Serotype IE was almost universally
associated with a T allele at position 9987, which is in the p6K/TF gene.

The SNP at position 9201 corresponds to residue 213 on the E2 protein; substituting G
for C at this locus was shown previously to mediate a shift from serotype ID to IC [11].
Although we also found that this locus provided the best discrimination between serotypes 1D
and [AB/IC, the association was not as clear as indicated by the previous studies. Three serotype
ID genomes (R16905, 8138, and 204381) had an A at position 9201, corresponding to a lysine at
residue 213, which in earlier studies was associated with serotypes IAB and IC.

The SNP at position 7764 lies within the capsid gene; an A or G at this position,
corresponding to lysine or arginine at residue 68, is associated with serotypes IAB and IC

respectively. The only strains not classified correctly by this SNP are the three serotype ID



strains that are also misclassified by the SNP at 9201. The serotype data was obtained from
previous studies, and it is possible that the serotypes were incorrectly determined.

To assess whether other loci would perform equally well for predicting serotype, we
performed mutual information clustering to identify equivalence groups of loci, such that
knowing the allele at one locus in a group completely determines the alleles of the other loci. A
total of 4126 loci were present in the TC-83 genome and were polymorphic across all VEEV
genomes. The largest equivalence group comprised 666 loci, which were those that have one
allele for the serotype IE branch of the phylogenetic tree (including the 3 serotype ID outliers)
and a different allele for the IAB/IC/ID branch. The remaining equivalence groups ranged in size
from 2 to 76 loci; 2124 loci are singletons. The loci at positions 9987, 9201 and 7764 used in the
serotype classifier are all singletons, having distinct patterns of alleles across the full set of
isolates. The SNP at 9201 is also a singleton with respect to the 71 isolates in the non-1E subtree
of the decision tree. However, across the 24 isolates in the IAB/IC subtree, there were 14 non-
synonymous loci, 7 of which were in structural protein genes, which have the same allele pattern
as 7764. Any of these loci would perform equally well in distinguishing serotype IAB and IC
isolates, once the likely ID and IE isolates have been excluded by testing the loci at 9987 and
9201. Therefore, it would be premature to identify any one of these loci as determining the
serotype 1AB vs 1C phenotype.

Host type prediction was less accurate than serotype prediction; 89.6% of strains were
correctly predicted to have been collected from large mammals vs “small” hosts (mosquitos and
rodents, including sentinel hamsters) (Table 3). This may reflect that hosts are sampled during
outbreaks than during enzootic surveillance. The true positive rate (TPR) was larger for small

hosts (95%) than for large hosts (81%). Close inspection of the SNP variants used in the decision



tree classifier (Fig 3) showed that their allele patterns were associated with phylogenetic
branches rather than host type, and no mutations that universally associated with host type across
multiple different phylogenetic branches could be identified.

We also built classifiers in which the predictors were restricted to non-synonymous loci
within the genes encoding structural proteins, or further restricted to envelope protein genes.
Serotype classifiers based on structural protein loci were more accurate than envelope
glycoprotein-restricted classifiers (data not shown), but not as accurate as unrestricted classifiers.
For host type prediction, the best overall classifier used envelope protein loci only, so restricting

to smaller locus sets had no effect.

Table 3. Accuracy, positive (PPV) and negative predictive value (NPV), true positive (TPR)

and negative (TNR) rates for serotype and host type predictions.

Phenotype | Accuracy PPV NPV TPR TNR
Serotype 94.8% - - - -
IAB 98.5% 90.0% 99.2% 90.0% 99.2%
IC 97.0% 71.4% 100.0% 100.0% 96.8%
ID 95.6% 97.9% 94.3% 90.2% 98.8%
IE 98.5% 98.4% 98.6% 98.4% 98.6%
Host type 87.4% - - - -
large 87.4% 90.7% 85.9% 75.0% 95.2%
small 87.4% 85.9% 90.7% 95.2% 75.0%

(PPV) = TP/(TP + FP), (NPV) = TN/(TN+EN), TPR=TP/(TP+FN), and TNR=TN/(TN+EP).
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Comparison of single gene, MSA and SNP-based trees

We hypothesized that phylogenetic analyses of VEEV based on comparing single gene
sequences, as was done in some earlier studies (2), would yield trees with lower resolution and
differing topology than whole-genome MSA and SNP-based trees. To assess the impact of a
single-gene approach, we compared the maximum parsimony tree based on all SNPs against
trees generated using only the SNPs in each of the structural protein genes. We found that only
47% to 58% of the splits from the all-SNPs tree are present in any of the individual envelope
gene trees (Table 4). Since only 9.5% to 14% of the SNPs occur within any of the envelope
genes, the lower resolution of these trees is expected. The tree based on capsid gene SNPs had
substantially worse resolution, however, with only 37% of the splits observed in the all-SNPs
tree. Since the capsid gene contains over 3.5 times as many SNPs as the E3 gene, the number of
splits shared by a gene-specific tree clearly depends on factors other than the total number of
SNPs. The El gene resulted in the best representation of the tree, as it captures 58% of the splits

identified in the all-SNPs tree.

Table 4. Comparison of trees from multiple sequence alignment versus all SNPs, and trees

from SNPs located in a single gene versus all SNPs.

Tree comparison Splits Total Fraction splits in
Found in Splits in SNP tree found in
2" tree SNP tree 2" tree

All SNPs vs MSA 112 146 0.77

All SNPs vs El 34 146 0.58

All SNPs vs E2 72 146 0.49

All SNPs vs E3 68 146 0.47

All SNPs vs capsid 54 146 0.37

18



To compare the topologies of trees generated with whole-genome SNPs or MSA to
single-gene trees, we generated tanglegrams. S1 Fig shows a tanglegram with the MSA-based
tree on the left and the all-SNPs tree on the right, with lines connecting the same taxa between
trees. Differences between these trees were minor and within a reasonable expectation of
uncertainty in the trees, mostly involving poorly resolved isolates such as Mucambo,
CabassouCaAr, and PixunaBeAn. These isolates were collected from mosquito pools from 1954-
1980 in French Guiana, Brazil, Argentina, and Peru, and are now considered different species in
the VEE antigenic complex [26]. Each of these genomes has about 500 genome specific SNP
alleles. They are the sole representatives of serotypes IF, Il1A, [11B, IlIC, IV, V, and VI, each
branching off the tree basal to the branches leading to the more heavily sequenced VEEV
serotypes from Mexico, Peru, and Venezuela. In summary, the similarity between the whole
genome SNP and MSA trees supports the SNP genotyping approach to phylogenetically
characterize u'nsequencecl samples using SNP arrays.

S2 and S3 Figs show tanglegrams with the all-SNPs tree on the left and the trees based on
SNPs in the E1 (S2 Fig) or capsid {S3 Fig) gene on the right. The EEEV genomes were not
clustered as a monophyletic group in any of the SNP gene trees, possibly because these genomes
are too divergent from the VEEV genomes. Further, the capsid gene SNP tree had lower
accuracy than the E1 gene tree, as indicated by the many crossing lines of the tanglegram in 83
Fig. The differences between the single gene and whole genome SNP trees illustrate the
difficulty of phylogenetic analyses based on a small region rather than the full length of the
genome, and suggest that SNP phylogenies based on single genes may have low resolution and

accuracy.
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Microarray analysis of VEEV ¢cDNA samples

To address the question of whether microarrays provide a viable alternative to whole-
genome sequencing for VEEV strain characterization, we developed a VEEV SNP array. The
array included 70,760 probes covering all 7,926 loci discovered with kSNP. We hybridized
¢DNAs from 134 isolates to SNP arrays. Genome sequences were available for 81 of the isolates.
We calculated overall concordance rates between the allele calls made by SNP microarray versus
those called by whole genome sequences; these are summarized in S3 Table. The overall
concordance rate was 96.2%. Hybridizations of replicate cDNA samples extracted from three
isolates showed close agreement between replicates. The array correctly classified 76 out of 84
cDNA samples. Four of the 8 misclassified cases were highly similar sequences collected in the
same location. One source of error was that the array analysis currently is not able to call a locus
as missing, even if that locus is not present in the genome sequence, causing discordance
between the genome and array genotypes.

A potential advantage of microarray analysis over DNA sequencing is its reduced need
for viral isolation and culturing, allowing viruses to be characterized directly from a tissue
sample. To test whether this was feasible, we isolated RNA from the brains of 3 replicate mice
infected with VEEV strain TC-83, analyzed the RNA using the SNP microarray, and compared
the array genotypes to our panel of 144 sequence-based genotypes. For all 3 replicates, the array
genotypes were closest to those of the published sequence for the TC-83 strain, as shown in 54
Table. This suggests that a SNP microarray can produce accurate VEEV genotypes, even in the

presence of a complex host DNA background.



Discussion

Tools for rapid genotyping of equine encephalitis virus strains and clucidating their
phylogenetic relationships are critically important to understand why certain strains are likely to
cause epizootic infection, and to forecast the incidence of potential epidemic events. The results
above represent analyses of VEE complex strains derived from a wide range of hosts and
geographic regions. The collected data indicate that our microarray and sequencing-based
genotyping tools effectively distinguish VEEV strains and allow us to cluster those strains
according to their derivation and phenotypic history.

Since the VEEV genome is small, whole genome multiple sequence alignment (MSA) of
more than 140 sequences was feasible. Predicted genotype/phenotype associations were slightly
more accurate when genotypes were based on variable positions in a whole genome alignment
than when they were based on A-mer contexts defined by kSNP (data not shown). The MSA
approach is usually not feasible for bacterial genomes, so that kKSNP is typically a better option
for bacterial genotype/phenotype association studies.

Relying on non-random associations between serotype and sequence variation, we were
able to build decision trees to predict VEEV serotype. With 3 loci, prediction accuracy was
95.6% to 98.5%. However, strains that clustered phylogenetically with a different serotype were
sometimes mislabeled by the decision trees. In addition, there were multiple loci that
distinguished equally well between IAB and IC strains, after excluding isolates with a T at
position 9987 (which are mostly serotype [E) or a C at position 9201 (which are mostly ID).
These observations suggest that the actual amino acid variants that determine serotype may be
any of a wide range of candidates, as suggested earlier [12], and that the association we observe

between serotype and certain other variants is due to their co-inheritance with the causal variants.
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We also noted that no variants associated perfectly with any of the serotypes; thus it must be
possible to obtain the same shift in antigenic specificity from mutations at multiple loci.

A previous study {11] based on a smaller set of VEEV genomes investigated the
mutations required for the virus to transition from the enzootic cycle (small mammals, Culex
mosquitos, forest habitats) to the epizootic cycle (dedes/Psorophora mosquitos, amplification in
equids, transmission to humans). It reported that a single mutation in the E2 protein (T213 -> K
or R), when engineered into a serotype ID enzootic strain, changed its serotype to 1C and
rendered it capable of causing enhanced viremia in horses, as well as possibly more efficiently
infecting Aedes (Ochlerotatus) mosquitos implicated as vectors in equine-amplified epizootics.
Our results, based on the larger set of VEEV genomes available now, suggest a more complex
association between genotype and phenotype. We identified three serotype 1D strains with the
K213 E2 allele. There was no single locus that distinguished all of these ID strains from the [AB
and IC strains nearest to them phylogenetically. This is further evidence that a variety of
mutations can mediate the shift from ID to IAB or IC serotypes.

Comparison of the phylogenetic tree predicted from whole genome SNPs was similar to
that from whole genome multiple sequence alignment. Narrowing to single gene SNP trees
showed that the E! gene SNPs more closely represent the whole genome SNP tree than do the
SNPs trom the other envelope protein or capsid genes. This concurs with previous analyses
based on sequence alignment rather than SNPs, which also showed that the E1 gene captures the
same high level relationships as the whole genome alignment but does not provide the same
resolution [28]. However, these results emphasize that use of a small region of the genome for
SNP analysis provides lower resolution than whole genome SNPs, and with some genes even
results in different tree topology. A whole genome SNP approach more effectively represents

complete phylogenetic relationships to reveal distinctions that would otherwise be overlooked.
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A k-mer based approach to SNP discovery has limitations relative to full sequence
alignment, particularly for highly variable RNA viruses. However, our comparison of data
derived from multiple sequence alignments versus SNP analysis revealed that the resultant trees
were very similar and reliably identified comparable splits. These observed similarities are
important in that they support the use of our unique SNP array as an effective detection and
genotyping tool without available whole genome sequence data. The SNP array results can be
obtained within 24 hours as compared to 48-72 hours by whole genome sequencing. The cost of
running a sample on SNP array is roughly 10 times less than whole genome sequencing. We
have shown here that data obtained from SNP arrays are capable of reliably clustering strains in
accordance with their respective whole genome sequence data. Array data provide sufficient
accuracy in phylogenetic classification to correctly cluster isolates by ciade and to identify the
closest neighbors that have been sequenced or hybridized to the array. This technology would be
particularly useful for rapidly evaluating a novel strain from an epizootic outbreak event. Further
evaluation of the SNP array, using unknown or unsequenced VEEV strains, could provide

additional validity and value of this technology in detection and genotyping of outbreak strains.
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Figure captions

Fig 1. SNP phylogeny of VEEV isolates by parsimony. Strains are labeled by serotype-
country-year collected-strain-host. Country codes are GA=Guatemala, PE=Peru, NI=Nicaragua,
VE=Venezuela, CO=Colombia, TR=Trnidad, PA=Panama, US=USA, EC=Ecuador,
ME=Mexico, BE=Belize, HO=Honduras, BR=Brazil, AR=Argentina, FG=French Guiana. Host
codes are hor=horse, don=donkey, hum=human, mos=mosquito, ham=hamster, mus=mouse.
u=unknown. Strains are colored by serotype {blue=IE, green=ID, red=IC, and purple=IAB).
Hosts from which the strains were collected are indicated with symbols at the branch tips (red
circlesshuman, orange circles= horses, blue circles=mosquitos, and green squares=hamsters).
Counts of the number of alleles shared uniquely by the sequences down each branch are shown

at the nodes in blue.

Fig 2. Decision tree for prediction of serotype from SNP alleles. Notations above internal
nodes indicate SNP position in the TC-83 genome and alleles corresponding to left and right
branches. Numbers below terminal nodes are numbers of isolates in node with serotypes

IAB/IC/ID/IE respectively.
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Fig 3. Decision tree for prediction of host type from SNP alleles. Notations'above internal
nodes are as in Fig 2. Numbers below terminal nodes are numbers of isolates in node collected

from large/small host types, respectively.

Supporting Information Legends

S1 Fig. Tanglegram connecting the corresponding taxa which illustrates the high similarity

between the MSA tree (left) and the SNP tree (right).

S2 Fig. Tanglegram illustrating where the SNP tree based on all the SNPs (left) and that

based only on the SNPs in the E1 gene (right) differ.

S3 Fig. Tanglegram illustrating where the SNP tree based on all the SNPs (left) and that

based only on the SNPs in the capsid gene (right) differ.

S1 Table. Characteristics of VEE antigenic complex strains used for whole genome SNP

analysis and/or tested on SNP microarray.

S2 Table. Annotations, 13-mer contexts and reference genome alignments for SNPs

identified by whole genome analysis.
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S3 Table. Concordance of array and genome-based allele calls, for non-passaged isolates
with known genome sequences. Rows in bold text indicate replicate arrays for the same

isolates.

S4 Table. Comparison of genotypes for VEEV on tissue from TC-83 infected mice.
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249535789
449535543
4762307
4262305
4262314
4262323
419535783
123708
4887231
1245013
53680681
123724
9626526
20800455

Passage hlstory

sm2.cecl
IM2.BHKY
mi

M, cecl
sml. vl
cee?
BHKL

u.

v

vi BHK]
VL

VL

BHKL
MLVl
m2y2
[LERY

BHK3
sma
wma, V1
u
BHKLsm2N] tec]
catt

u

BHKL
V1, BHK]
w2

v2

v

none

Year of callection

1967
1969
1973
1938

vacqine

Howt

Moz

Loration whare colleciad
Cali, Colomina co
Guatemala Ga
Pery PE
Aragua 5t Venejusla vE
Cundnamarcy, Coombn @
<0
Guapna, Venezuels VE
3
Monagas, Venezuels vE
Trujills State, Venezuels VE
Candol, Veneiuala VE

Vanezuels VE
Bannas State, Venezuela vE
Baninas State, Venezuela ~E
u ==}
[=:]
[£e]
co

Tumaco, Columba
P1o. Boyaca, Cokmbiy

Flo Boyaca, Colombu

Lozenn, Calombea -]
Pia. Boyaca, Colombia [<=]
Fio. Boyaca, Cokmbia [<e]

Monte San Migusd, Colomba €O
Moate San bigusl, Colombia CO

thonte San hiiguel, Colombia €O
Tibu. Colombia w0
v £
u EC
Canito, Panama PA
[2) PA
€l fungan, Panams Pa
Gamboa, Panama P
Bayano, Panama. LY
Bayano, Parama PA
P._mairo, Panams Pa
Peste, Panama L
Pa
Pa
PA
8del Toro, Panama PA
lquies, Petu PE
Lorelo, Pery PE
lauess, Paru L3
Iquites, Peru PE
Delts Amacura, Venszuels vE
Catatumbo, Vene1uels VE
Flo_Gonchs, Vensuels vE
Las Nubes, catatumbo, veneiue Vi
Belue BE
La Avellana, Santa Rosa Departr GA
Pro. Barmos, Guatems GA
Fta. Barrios, Guatemals GA
La Awllans, Guatemala GA
Santa Ross Department, Guater Ga
La Avellana, Gualemala Ga
La avellans, Guatemals Ga
La Avellana, Guatemala Gh
lzabsl Department. Guaternala  GA
L Avetisna, Gustemals Ga
Hondurat HD
Plo Cortel, Honduras HO
Varacruz, Mecica ME
Varacruz. Mesea ME
Sontecomapan, Meuco ME
$oncatomapan, Mento ME
Mind it lan, Mexico ME
Sontecomapan, Merco ME
Chiapas State, Mexica ME

Las Coaches, Pilijigpan, Chiapas ME
Las Caaches, Pijijiapan, Chiapas ME
E. Coachapa, Minalitlan, Veracr ME
Tacotena, Minatitlan, Veracruz ME
Tacorana, Minatitlan, Verscruz ME
Tacoteno, Minatitlan, Verscruz ME
Manatitkan, Veracruz State, Mex ME

Nicaragua A
Almrante, Panama P4
Iqunos, Pery PE
Tubs $tate, Venesuels vE
Brand [T
Brand BR
Franch Guiana (Cabatsou} G
Hoja Redonda. lca. Pery PE
Trnidad ™
Trinidad ™
Texau us
us w
Corsboba State, Venwiuwlh vE
Mitanda Siate, Vanezuela VE
Jubd $ate, Veneiuehy vE

Country

Mdenifier in trae

1AB-CO-1967-CoAn5384-har
148-GA-1969-692 {-hum
1AD-PE-1973-111-T3-har
14R-VE-1938-Beckwycofl-hor
100196 1-V1 78 har
1C-LO-1967-V1$E_g110152933-hum
IC-VE-1962-PHO12T-hum
IC-VE-1963-P676_gpi14549692-mos
IC-VE- 1964 PMCHOS_2 120800436 ~um
(C-VE-1993-743927_gi5dazasd-hor
ICVE 199 3:5H3_g154a2468:hum
IC-VE-1995-6119_g20800351-hum
1C-VE-2000-254934_g162824833-hor
1C-VE-2000-255010_g162836644-har
10-C0- 1960-VZ094-mus

10-C0- 1969-CoAnB004_1-ham
ID-CO-1973-207537-mat

10:€0- 1973-303506-ham
10:£01974-309752-hum

10-C0- 1977-334250-mas
1D-CO-1978-335733-ham
10-C0-1997:92C042ham
10-CO-1999-99 1M I0S- 1-mot
10-C0- 2000-006 WHZ6d-harm
10-CO-u-Cadndd §45-ham
(0-EC-1975-76V2561-mos
10-EC-1576-R16830-ham
10-PA-1961-3830_g1323706-hum
10-PA-L9E1-4840-hum.
1D-PA-1962-8138-hur,

10+PA- 1966242959y
10-PA-1977-503104-mos
1D-PA-1984-GMLI03243-hum
10-PA-1997-474580-hum

10-PA- 20003310604

HD-PA- 2001434551 -u

0-FA- 20012350290
D-PA-2003-21 2857-hum
+0-PA-2003-21339 1 -hum
D-PE-J975-75D143-mos.

¥0-PE- 19954071224 hum
10-PE-1998-02_1720_98-hum
10-PE- T000-FSESO7-hum

(N 1973- 2D 38 1-miins
10-VE-1974-23647-ham
10-VE-1976-25164 ] -ham
1D-VE-1997-2PC727-ham
1€-BE-1967-67U201-ham
1£-GA-1968-680200-ham
I1E-GA-1968-68U217-ham
1E:GA-1970-TOU74-ham
(E-GA-1971-TIUE2 - ham
1E-GA-1971-T1U324-ham
1E-GA-L9TT-72U23-ham

E-GA 1973715 1-harn
IE-GA-1978-7BU202ham
VE-GA-1979.75U13-ham

4E-GA- 1980-80U76_g11 7865005 -hor
AE-HO-1967-67U208-ham
JE-HO-1967-67U275-ham
1E-ME-1963-6342 16-moy
JE-ME-1963-63Z 1-hum,
JE-ME-1965-65U206-ham

JE- ME- 1966-66U1-ham
JE-ME-196 T-67U2212-ham

JE+ ME-1968-6W 3L 5+ ham
IE-ME-2001-MXG1-31-ham

IE- ME- 2003-MXOIH1-harm
1E-ME-2003-MXGIHL-ham

1E-ME- 2008-MXGIH50-ham
JE-ME- 2008-MXOBHS 3-ham
IE-ME- 2008-MXGIME4-mas.
IE-ME- 2009-MXODEQD3-hor
JE-ME-2010-MX 10HI1_00011-ham
1E-NI- 1968-71778-u
A-1961-87 2607 -mas.
E-1970-70U1134 - ham
-VE-1962-Manatl_g262302-hum

Tested on SNP
mkroarray
YES

TES

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

Yib

YES

YES

YES
YES
YES
YES
YES
YES
YES

TES
YES.
YES
YES
YE5
TES
YES
YES
YES
YES
YES
YES
YES.
YES
YES
YES
VES
YE3
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
VES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
vES
YES
YES

1B BR-1954-MucamboBeAnE gid762305.u YES

IV-BR-1961-PinunaBesr35645_gi4262314-m YES
V-FG-1968-CabassouCarrSO8_gia262323-mu YES

14B-PE-194)-HopaRedonds-hor

1a8:TR-1943-ThnOonkd3_g1323708-don

14p-1R-u-ThinDankd3_g:d287231-don
128 U5-1571-71-180_p13249013-bor
1AB-US-varcine-¥3526_gi53680631-u
1AB-VE-1977-TC-83_g:323714-har
IC-VE:1963-P616_g9626526- mos
KC-VE-1595-3908 g 20800454 -hum

O
HO
NO
NO
NO
HO
NO
NO

Genome
avallable
YES
YES
TES
YES
YES
YES
YES
YES
¥ES
YES
YES
YES
YES
TES
YES
TES
YES
YES
VES
YES
YES
YES
YES
YES
TES
YE5
YES
YES
YES
TES
YES
YES
YES
YES

TES
YES
¥ES
YES

YES
YES.
ES.
S
YES
YES

YES

VES
YES
YES
YES
YES
YES
YES
VES
YES
VES
YES
YES
YES
VES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
¥ES
YES
VES
YES
YES

Onhar data Country hey Host key
AR=Argenting donsdonkey
BErBelize hamzhamsier
BRz8razil horzhorse
LCnCalorming hymzhyman
ECsEcuadar moszmarauito
FGefrench Guana  mulesmule
GAsGuatemala musEmause

brain HOxHonduras rataProschimys 1p
MERMenco urunkACwn
PE=Peru
TRaTnrwdad
US=uSA
VEzVenesuela
uxunknown

Maromi $p

Au. tuhu

heant

hean

fata)

Cs, aikank 5

encephalars

encephalars

Cr, trennt pus

hean

Cx. taanKC pus

Angphele rmbus
Culex porten

vacoing
vaccine

Passaga history key

CEC = chicken embrya cull culare
C6/36 = Aedes albopictus motquile
Sm (or SMB) & suckling mousse brain

U = unkngwn

¥ = Varo African green monkey kidaey
BHK = baby hamster hidney

RK = rabibit hidney

LLCL # tewss ung carcinama hoe 1



59001

30642%
2IU4A1)_n54a2471
Cos7

DOSMH2TS
OOSMMAR0-11
DOSMMAS5-12
R1680%

230832

1Qaniess

arsen
813]_11226844595
1qr7ase

66457 _piSdd2461
66627 _gp5442458
2PC718_gd€B9L87
70USS

outo

7700

77U208

SaURT

&6U11

CPAZO1_ 117864993
OAX131_gil 7864996
QAX132_gil 7865002
Mx0]-22_gi56783993
MxDEH3L
Mx0S-HAY

KO- HE0
MX09EQDS
MROIMED
MXOSMS L
MXI0_91M1
Mx10_2iM11
MX10_91ME
MX10_94Md
MTIO_3dML5
MXI0_24M6
MX10_S5M11
FAKI0_ISME

M0 _95ha9

MK 10Ha

Mx0HIL 00033
MX 10H94_000]13
MK 10H34_00034
M 10HIS_00014
MX10HIS_0003S
£1)aas2y

LPAISZ 17864992
8v3531_gwd263317

AFDOJI68 1
KC334502.1
Us5362 2

K(334.02%.1
KL334961.1
KC344960 1
k(3343621
KC344517.1
kC3a4518 )
xC344526 1
KC34450T 1
0Q390224 7
AYS6E910 2
AFOOIATY 2
AFODI4SE 2
AF 1005661
KC3ada36 1
KC344488 1
K(C334527.1
KC3443371
KC334245 1
KC3adad0 )
AF42E537.1
AF428536 1
AF423530 1
AYB23299 1
344350 1
k(3444531
KC344452 1
KC3I4463.1
KC344438 )
k{344478 1
KC334493 1
KC344495 1
KC334494 1
KC334496.1
KC344497 1
KC334998 1
KC344501 1
KC3499% 1
KC344500 1
KCIHIA65 )
KC3444€4 1
k(333491 1
KC344968 1
k(334470 1
KC3424701
U34999.1

AF448535 1
AFOTS282.1

EvergladesFe3-Tr_gd262; aF075251.1
FonateCaAndlOd_gid2623F AFOT5254 1

7101252_g4762311

AFDTSZYS 1

VEE_NBACC_454June20) unpublshed

AGBO-663_g262320
Prara
TRD
2636
E541_73
V202
369573
363676
364678
369680
PHO127S
122s
12.399
INH9813
243938
128567
[
6203
9213
IGH7I
IGH358
255005
255058
17563
25718
28717
31279
9200-59
980027

 9B0M08

OOSHHZE0
OOSMMS15-11C
6121

AFO75258.1

2564179
445535996
5442471
149535780
449335874
440535871
439535077
219536041
439535044
219536068
149536011
116844595
111116767
54432456
5442450
degols?
249535800
449535865
145536071
449535003
413535826
4495350811
17864999
17864996
17865002
56785992
249535841
449535850
115535847
419535880
145535928
445335915
119335969
449535075
149535972
149535978
449535921
439535989
449535953
449535087
239535990
129535886
449525095
129535963
445535098
449535901
449535901
1123527
17862991
4762317
4362299
4762308
4762311
unpublished
4762320

vl
v2
et ].BHKL
vi

ml LKL
T6/3e-1
u

u

vl

none

Vi
mivi?
LH
,BHKL
u
V1.BHEL
BHK]

]

V1

vl

vl

vl

SM3
sm2 vl
VLaHKL
BHx1
BHEL
¥

¥l
i

none
none

1977
1965
1994

1938

010
010
w10
w10
w10
1968
199¢
1978
92
1973
1910

1980
1947
1943
943
1973
1967
1999
1999
1999
1999
1967
1995
1995
1995
1955
1987
1937
1959
1999
1999
1999

AR ERE A

Pro Bovaca, Colembu w
Pra. Bovaca, Colombi [1e]
R 8¢ Do, Calgmbia w
Menie San Miguel, Colombia (O
Konie San Miguet. Colombia €O
hnnie San Miguel, Colombia (O
Meonie San Miguel, Colomba €O
EC EC
Garmbaa. Panama LTy
Iqwtos, Pery FE
Iquitos, Peru PE
Belen, laun oy, Pery PE
u PE

Vendguels vE

Venezuels vE
Zubia S1a1e, Venezuels vE

La Avellana, Gusiemal
1z3bal Department, Guatemals GA

La Avsllana, Gualemal Ga
L3 Avellana, Guatemals GA
Soniecomapan, Mesico ME
Rnstlan, Mo ME
Hancho €] Recuerde, Mapasteps ME
Oaaca State, Meco ME
Tapanatepes, Osraca, Mono  ME
Chuapas State, Menwo ME

E. Coachapa, Minatitlan, Veracr ME
Tacotena, Minatitian, Veracrur ME
Tacoleno, M 1lan, Veracruz ME
Tacoleno, Minatitlan, Veracrur ME
Taoteno, Minatitfan, Veracruz ME
Tacoteno, Minatiiian, Veracrur ME
Minatiklan, Veracrur State, htez ME
Minatitlan, Verscrur State, Mes ME
itlan, Veracrur State, Mes ME
Ainatitlan, Verscrur State, Mes ME
Minatitlan, Veracrur State, hiex ME

Mmatitlan, Veracrul State, Mez ME
u ME
Minatillan, Veracrul Stata, Mex ME
Minatitlan, Veracrur State, Mex ME
El Derado, Mapastepes, Chlapa- ME
Minatitlan, Veracrur State, Mex ME
RnJURIan, Veracnuz Seae, Mex b
Minabitlan, Veracruz Stale, Kiex ME
Minatuflan, Veracrur State, Mex ME
Minabitlan, Veracrul Stale, Mex ME

u u
u u

Branl BR
flards, USA us
French Guiana G
3 PE
u v

Argentng AR
Puwra, Paru PE
Tomdad ®
Temdad ®
Guapra, Zuha State, Venesuels  VE
Guapra, Colombna co

Manaure, Guapra, Colomba €O
Mangure. Guapra, Colombia co

Manayre, Guajua, Cofomba €O
Manaure, Guajia, Colombia €O
Guapra, Venezuela VE
Venerusla v
Vaner vE
Urdugts, Lara State, Venerusla Vi
Trupllp Scate, Veneiuet vE
Zuba State, Venezuela vE
Candalania, verarula VE
Falcan State, Venatudls vE
Urdusta, Lara S1ae, Venezusla VE
Stnamaica. Ventiuely vE
Sinamaics, Venezuels VE
Bannas Hate, Veneiutls vE
Carsbobo State, Venezuels  VE
Venaruela vt
Voneuels vE
Venszueh VE
Pto Bcyacs, Colomba w©
Los Corales, Colombia =]
Bosque San Miguel, Colombng €O
Casanare, Colombia o

Mgnte San Migusl. Calombia (O
Monte San Miguel, Colomba €O
Montg San Migual, Colombia €O

10-C0- 197G-59001-ham
10-00-1972-306425-ham

10-CO- 1983-83U43d_gi544247)-ham
10-C0-5997-Cod7-ham
421200 XIS

10 €= 2O00-00S MR 480- 1 3= mats
10-C0- 2005-005M M 495-12-mos.
10-EC-1977-R16905-u
ID-PA-1965-240832u
10:PE-1994-1QT 1098-hum
10-PE-1997-1QT59T1-hum
10-PE-1998-81 31 _pr2 26844695 -hum
10-PE-1998-1QT 7460-hum
ID-VE-1981-66457, gr54d396 }-har
ID-VE-1981-66637_gr5443453-ham
10-VE-1997-2PC738_gi4689187-ham
1E-GA-1970-70U55-ham
1E-GA-1970-FOUSE-ham

1E:GA: 1877 77U204- ham
1E-GA-1977-T7U208-ham
1E:ME+1964-64U87-mos
IE-ME-1966-66111-ham
1E-ME-1993-CPA201_gil 7862399 hor
IE-ME-1996-DAX1 31 _g11 7864596-hor
1E-ME+1956-0AX142_gi] 7865002-hoo
IE-ME-2001-MAD1-22_gi156789993- ham
IE-RAE- 2008-MXGBHSE ]-ham

1E-ME- 2009-MADS-HAZ-mos
1E-ME-2009-MXD5-HED-ham

-HE- 2009-MXDSE S hor
IE-RAE-2009-M XDFMEO-mos
1E-ME-2009-MX0SM51-mos.
1E-PME-2010-MX10_ILM1-mas
IE-ME-2010-MX10_S1M11-mos.
1E-ME-2010-MX10_9LME-mos
1E-ME-2010-MX10_94M4-mos
HAE MG RIXI0 HIMS mos
1E-ME-2010-MX10_94ME-mos
E-ME-2010-MX10_95M11-mos.
1E-ME-2010-MX10_95ME- moy
1£-ME-2010-MX10_35M8-mos
E-ME-2010-MX10HI: haer
(£-ME-2010-MX10HO1_0B033-ham
1E-ME-2010-MX 10HE4_0O01 3-ham
1E-ME-2010-MX10H94_00032-ham
1£-ME- 2010-MX10HY5_00014-ham
(E-ME-2010-MX 10H35_00035-ham
1§-u-106B- 11 144527-u

164 1996-CPALS2_gi11 7864393y
1F-BR-1978.78V2531 2262317 -u
11-US- 1963 EvergladesFel-Fe_gia262299-mo
WA-FG-1973-TonaeCanna 10d_gid262308-u
HIC-PE-1970-7101252_p14262311-u
wu-wVEE_NBACC_a53June 2010w
Vi-4R-1980-AGEO-663_gld262320-u
1AB-PE-1942-Plura-mule
148-TR-1943-TRO-don
1A8-TR-1943-V-263E-don
18BVE-1973-E5d] _73-hiwn

I-CO- 1962-¥202-hum
K-CO-1999-369673-hum
H-CO-1993-3686 76-hum
1C-CO-1999-3696 78 hum
1£-C0-1999-362680-hum
IC-VE-1962-FPHO1275-hum
1C-VE-1995-12 225-hum
1C-VE-1905-12.399-hum
1C-VE-1995-INH3813-hum
1C-VE-1996-243938-hor

1C-VE- 1997 1 25567 -hum
1C-VE-1997-SHS-hum
16-VE-1999-6803-hum
IC-VE-1995-9B13-hum
1C-VE-1999-2GHT34-hum
1C-VE-1995-ZGHEGE-hum
16-VE-2000-755008- hor
1C-VE-2000-255058- hor
16-VE-12.563-hum
1C-YEu-25716u

IC-VE-25717y
1D-£0-1978-3127 14 v

1D-£0+ 1996:92C0-59-ham
1D-C0~1998-380027-ham
10-C0-1998-980408-mo3.
1D-£0-2000-008 MH2S0-ham
1D-C0-2000-003 MMS25-11C-mes
1D-€0- 10006224 -mos

NO

Cx oprsthopus

bran

£q. nigrncans

M. tallars
Cr nignpalus
paol

pool

paol

pool

pool

paol

[Culex (Melznacamen) sp.|

1erum

Pracehir v 3p
bran

spleen
Culecsp.



93-003
93007

930019
980267

9330517
247168
247186
FsL2314
L2649
FYBOZO4
FuB0ZS8
FPI3700
249443

Pandasss
Fas ]

IPCaZ0
MACLO
6311201
PFC258
PEAD7ECO
FsLO190

IMIVE

p2aml
i

rone

i
usml

vz

2002

002
w002

2003
7010
010
7006
2006
1006
007

1972

1976
19%7

1997
1938

19327
1998

La: Corales, Colombia
Los Corales, Colombia

Bosque Sen Miguel, Colombia
Puerto bovacs, Colombia

San Pedra de la Faz, Colambia
Panama

Panama

Lereto, Pery

Leteo, Petu

Cochabamba, Peru
Cochabamba, Fery

Pecu

Yumare. Venaruela
Catatumbo, Zubs State,
Venezuela

Vanezngla

Lis Nubes, catatumbo,
Vanezuels

Padron Agric. Station, Miranda
Ls Avelana, Guatemats
Kuwites, Pary

tquites. Peru

$an uan, tquaes. Pery

VE
VE

VE
vE
Gh

PE
Pk

10-C0-2002-98-003-ham
10-CO-2002-98-00ham

ID-CO-2002-980019-ham
1D-C0-2002-920267- ham

IC-C0-2003.980517-mos
ID-PA-2010-247168-har
1D 2010-247186-hor
ID-PE-2006-FSL231d-u
ID-FE-Z006-FSLI649.u
ID-PE-2006-FVBO204-u
ID-FE-2007-FYBO258-u
IB-PE-wFPI3700-hum
ID-VE-1977-249493-ham

I0-VE-1976-Pan3495E-moy
ID-VE: L99T-ZPCLO-ham

1-VE-1997-2PCA20-ham

1-VE- L998-MAL 10-ham
IE-GA-1968-68U201-ham

- 1997-PC254-Proechimys 3pp
-PE-1998-PEAD7660-mos
E-7000-F 5LOLS0-hum

YES
YES

YES
YES

YES
YES
YES
YES
YES
YES
YES
YES
YES

YES
YES

YES
YES
YES
YES
YES
VES

NO
NO

L]
HO

NE
NG
nO
NO
NO
NG
NO
NG
NC

NO

NG

NO

NC

NG
NO

heart
hiart

Andet
angustvmaun,
bran

brain

Cx ferrer?
serum

Proechimys spo



Array isolate Closest genome Closest to correct Allele ditferences Concordant calls Total calls  Allele differences Percent
genome? from closest from correct concordant
ganome genome
148-C0-1967-CoAn5384-hor 1AB-C0-1967-CoAn5384-hor Yes 28 1993 2021 28 98.6
14B-GA-1969-6921-hum 1AB-GA-1969-6921-hum Yes 32 1987 2019 32 98.4
IAR-PE-1973-111/73-hor 1AB-PE-1973-111/73-hor Yes 39 1959 1998 3g 98.0
IAB-VE-1938-Beck Wycoff-hor IAB-VE-1938-Beck_Wycof{-hor Yes 60 1971 2031 &0 97.0
1C-CO-1961-V178-hor 1C-C0-1961-¥178-hor Yes 13 2132 2205 73 96.7
1C-CO-1962-V198-hum 1C-C0-1962-VEUS5342-hum Yes 38 2093 2131 38 98.2
1C-VE-1962-PHO127-hum 1C-VE-1962-PHO127-hum Yes 59 2072 2131 592 97.2
IC-VE-1963-PE76Ag-mos ID-VE-1963-AF 375051 mos Yes az 2089 % 37 98.3
(C-VE-1964-PMCHOS-hum IC-VE-1964-VEU55345 PMCHOS-hum Yes az? 2080 21z7 47 97.8
1C-VE-1992-243937-hor 1C-VE-1992-243937-hor Yes 26 2060 2086 26 98.8
1C-VE-1993-5H3-hum 1C-VE-1993-5H3-hum Yes a2 2035 w77 4z 98.0
1C-VE-1995-6119-hum 1C-VE-1995-VEU 55347 6119-hum Yes LL 2086 2130 44 97.9
1C-VE-2000-254934-hor 1C-VE-2000-255¢10-hor No a3 2080 2124 a4 97.9
IC-VE-2000-255010-har 1C-VE-2000-255010-hor Yes a7 2088 2125 37 98.3
10-C0-1960-V209A-mus 1D-CO-1960-V 2094-mus Yes 58 2139 197 58 974
10-€0-1969-CoAn9004-ham IF-BR-1978-78v-3531-y No 201 1010 1693 -3 59.7
10-€0-1971-307537-mos ID-CQ-1971-307537-mos Yes 50 2160 2210 50 977
1D-C0-1973-309506-ham ID-C0-1973-309506-ham Yes 69 2132 2201 89 969
ID-C0-1974-309752-hum ID-£Q-1974-309572-hum Yes 55 2138 2193 55 97.5
IN-CN-1977-334250-mns IN-rO-1977.3347250-mns Yes &N 2139 7189 SN 97 7
ID-C0-1978-335733-ham ID-C0-1978-335733-ham Yes 67 2115 2182 67 96.9
1D-CO-1897-97C042-ham 10-C0-1997-97Co42-ham Yes a1 2094 2135 41 98.1
1D-C0-1897-87C042-ham 10-C0-1997-97Cod 2-ham Yes 68 2067 2135 3] 96.8
ID-CO-1999-995MM304-1-moy 1D-CO-1999.993MM304 -1.mos Yes 50 2067 217 50 97.6
ID-CO-2000-005MH 264 -ham 1D-C0-2000-005MH264-ham Yes 76 2074 2150 76 %65
ID-CO-u-CoAnd14S-ham ID-CO-u-CoAn59145-ham Yes 45 2164 209 45 9.0
ID-FC-1975-76Y2561-mos IF-BR-1973-78V-3531-u No 293 972 1655 683 587
ID-EC-1976-R16880-ham 1D-VE-1972-249443.ham No 289 986 1712 726 57.6
iD-PA-1961-3880-hum ID-PA-1961-3880-hum Yes 53 1967 2020 53 97.4
1D-PA-1961-4840-hum ID-PA-1961-4840-hum Yes 57 2019 2076 57 97.3
ID-PA-1962-8138-hum 1D-PA-1962-8138-hum Yes a9 2020 2069 49 7.6
1D-PA-1962-8138-hum 1D-PA-1962-8138-hum Yes 22 2047 2069 22 939
1D-PA-1966- 24 2959-u ID-PA-1966-242959-u Yes 51 2019 2070 51 97.5
1D-PA-1977-903104-mos 1D-PA-1977-903104-mos Yes 53 1959 2012 53 974
1D-PA-1984-GMLI0IBAI-humn 1D-PA-1984-GML903843-hum Yes 62 1914 1976 62 9.9
1D-PA-1997-474590-hum 10-PA-1997-474590-hum Yes 34 1882 1916 34 9.2
1D-PA-1997-474590-hum 10-PA-1997-474590-hum Yes 38 1878 1916 38 93.0
1D-PA-2000-481460-u \D-PA-2000-481460-u Yes 54 1902 1956 54 97.2
10-PA- 2001-484551-u 10-PA-2001-484551-u Yes 60 192% 1985 50 970
10-PA-2001-485029-u 10-PA-2001-485329-u Yes 55 1922 1977 55 97.2
1D-PA-2003-212857-hum ID:PA-2003-212857-hum Yes 46 1934 1980 46 arr
10-PA-2003-213 391 -hwm 10-PA-2003-213391-hum Yes 27 1760 1787 27 985
1D-PE-1975-750143-mos 10-PE-1975-750143- mos Yes 43 2130 2178 48 978
1D-PE-1995-1QT1724-hum iD-PE-1995-1271724-hurn Yes 44 1929 1973 44 ar e
1D-PE-1998-02-2720-98-hum 10-PE-1998-02_2720_98-hum Yes 43 1913 1956 43 978
1D-PE-2000-FSE507-hum 1D-PE-2000-FSES07-hum Yes 51 2060 21m 51 76
10-VE-1973-204331-mos 10-VE-1973-204381-mos Tes 64 2063 2127 64 1.0
\D-VE-1974-23647-ham 1D-VE-1974-23647-ham Yes 43 2150 2198 48 918
1D-VE-1976-251641-ham 10-VE-1976-251641-ham Yes 0 2146 2218 70 96.8
\D-VE-1997-2PC727 v2-ham 10-VE-1997-ZPC727-ham Yes 47 2027 2074 a7 97.7
|E-BE-1967-67U201-ham 1E-BE-1967-671201-ham Yes 46 1751 1797 a6 97.4
1E-GA-1968-68U 200-ham IE-GA-1968-68U200-ham Yes 57 1709 1766 s7 96.8
1E-GA-1968-68U217-ham IE-GA-1968-68U217-ham Yes 48 1723 1771 48 97.3
1IE-GA-1970-70U74-ham 1E-GA-1970-70U74-ham Yes a7 1729 1776 ay 97.4
IE-GA-1971-71U382-ham 1E-GA-1971-71U382-ham Yes 53 1730 1783 53 970
1IE-GA-1971-71U384-ham 1E-GA-1971-71U384-ham Yes 68 1710 1778 68 96 2
1E-GA-1972-72U23-ham 1E-GA-1972-72U23-ham Yes 32 1734 1766 32 982
1E-GA-1973-73U151 -ham 1E-GA-1973-73U151-ham Yes a3 1718 1761 a3 976
1IE-GA-1978-78U202-ham 1E-GA-1978-78U202-ham Yes 43 1723 1771 a3 976
1E-GA-1979-79U13-ham 1E-GA-1979-79U13-ham Yes a7 mm? 1764 a7 97.3
1E-GA-1980-80U76-hor 1E-GA-1930-80U76-hor Yes 27 1733 1760 27 98.5
IE-HO-1967-67U208-ham 1E-HC-1967-6710208-ham Yes 32 1703 1745 42 976
IE-HO-1967-67U225-ham 1E-HC-1967-6717225-ham Yes 61 1697 1758 61 96.5
1E-ME-1963-63A216-mos. 1E-ME-1963-63A216-mos Yes 51 1747 1798 5t 972
1E-ME-1963-63Z1-hum 1E-ME-1963-6321-hum Yes a? 1753 1800 47 974
1E-ME-1965-65U 206-ham 1E-ME-1965-65U1206-ham Yes 32 1772 1804 32 98 2
1E-ME-1966-66U91-ham 1E-ME-1966-66U91-ham Yes a0 1780 1820 a0 978
IE-ME-1967-67U222-ham 1E-ME-1967-67U222-ham Yes %3 1698 1751 53 97.0
1E-ME-1969-68U315-ham 1E-ME-1969-69U315-ham Yes a? 1741 1788 47 97.4
1E-ME- 2001-MX01-32-ham 1E-ME-2001-MX01-32-ham Yes 96 1647 1743 26 94.5
1E-ME- 2003-MX03-H1-ham 1E-ME-2003-MX03H2-ham Na a1 167¢ 1713 43 915
1E-ME-2003-MX03-H2-ham 1E-ME-2003-MX03H2-ham Yes 14 1700 1712 14 99.2
1E-ME- 2008-MX08-H50-harn 1E-ME- 2008-MX08HS0-ham Yes 50 1699 1749 50 97.1
1E-ME- 2008-MX08-H53-harm 1E-ME-2008-MX08H53-ham Yes 54 1723 1777 54 97.0
1E-ME-2008-MX09-M64-mos 1E-ME-2009-MX09M51-mos No 51 1702 1754 52 970
1E-ME-2009-MX09-Eq03-hor 1E-ME-2009-MX09Eq03-hor Yes 23 1722 1745 23 98.7
1E-ME-2010-MX10-H91-harm 1E-ME-2010-MX10_91M8-mos No a? 1650 1738 43 97.2
1E-NI-1968-2177B-u 1E-NI-1968-21778-y Yes an 1752 1792 40 97.8
1E-PA-1961-BT 2607 -mos 1E-PA-1961-BT2607-mos Yes 23 1442 146% 23 98.4
IE-PE-1970-70U1134.ham 1E-PE-1970-70U1134-ham Yes as 2147 2182 45 97.9
IE-VE-1962-Menall-hum 1E-VE-1962-Mena Il-hum Yes 14 1443 1457 14 93.0
INB-BR-1954-BeAng-u 118-BR-1954-Mucambo BeAn B-u Yes 3 7638 77t 3 996
IV-BR-1961-BeAr 35645-mos IF-BR-1978-78V-1531-y No 285 375 693 313 54.1
V-£G-1968-CABY ARS508-mos V-£G-1968-Cabassou CaAs 508-mos Yes 1 617 618 ] 998
[Totals 152518 159629 96.2




Allele differences

N Allele differences
. . . Replicate mouse Concordant Percent
Virus strain Experimental treatment Closest genome from closest Total calls from correct
number calls concordant
genome genome

1 IAB-VE-vaccine-TC-83-u 45 1969 2014 45 97.8
VEEV IAB-VE-vaccine-TC83 Extract from brain of infected mouse 2 IAB-VE-vaccine-TC-83-u 38 1976 2014 38 98.1

3 IAB-VE-vaccine-TC-83-u 49 1965 2014 49 57.6

(*) Probe signals on this array were close to background level for all probes.




